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The development of a calculational p rogram,  whose 

goal is to pred ic t  the response of ea r th  media  to the impact  

of a hypervelocity project i le ,  is described. 

of the p rogram has involved the derivation of calculational 

' 

A vital  p a r t  

models capable of describing the response of e a r t h  media  to 
shock loading. 

i ron  cylinder on an aluminum half-plane at a velocity of 

3 c m / p s e c  has  been run  on the two-dimensional plast ic-  

e las t ic .  time-dependent code, PIPE. Resul ts ,  conclusions 

and recommendations a r e  given. 

A test problem involving the impact  of an  

i 
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1.1 

SECTION 1 

INTRO DUC TION 

Statement  of the Problem 

During the past  few y e a r s  a g r e a t  amount of attention 

has  been focused on c r a t e r  formation on the ear th  and the moon by 

meteor i t ic  impact.  

meteor i t ic  origin have been investigated and in many cases  their  

in te rna l  s t ruc ture  has been determined in some detail.  (ID 2, Explosion 

c r a t e r s  and scaling laws have been used generally to indicate the 

depth of burial  and energy required to produce a c r a t e r  of a given 

d i ame te r  and depth. 

c r a t e r s .  (2) Such applications involve the assumption that hypervelocity 

meteor i tes  vaporize upon impact and that the explosive expansion of the 

vapor produces the resul tant  c r a t e r .  

. 
C r a t e r s  on  ea r th  which show evidence of 

Applications have been to both e a r t h  and lunar  

In fact ,  however, impact c ra te r ing  and explosive c ra te r ing  

differ in two important  ways; in the parti t ion of energy between in te rna l  

and kinetic and in the geometry of the energy distribution. 

c ra te r ing  a l l  energy is kinetic and i s  delivered as a line source.  

explosive c ra te r ing  the energy is divided between in te rna l  and kinetic 

and is distributed over  a roughly spher ica l  volume. Thus, descr ipt ions 

of the s t ruc ture  of an impact  c r a t e r  which der ive from explosive 

c ra t e r ing  a r e  likely to be in  considerable e r r o r .  

In impact  

In 

The basic physics of ea r th  and lunar c r a t e r  formation can 

best  be understood by theoretical  calculations. 

the development of a computer code which follows the detailed flow of 

ma te r i a l  and energy partition as a function of t ime in two space 

dimensions,  once the ta rge t  and projecti le charac te r i s t ics  have been 

specified. Although ma te r i a l  strength i s  not impor tan t  in  the ear ly  

phases,  i t  mus t  be included in the l a t e r  phases  in  o rde r  to properly 

descr ibe the c r a t e r  formation. 

Such calculations involve 

1 
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A vital  p a r t  of a c r a t e r  calculation l ies  in selecting 

adequate mathematical  descriptions of the e a r t h  media  when subject 

to dynamic loading. In par t icular ,  e las t ic  deformation, plast ic  

yielding and compaction mus t  be taken into account. 

1.2 Survey of Previous Work 

The problem of c r a t e r  formation by hypervelocity impact  

has received extensive treatment by experimental is ts .  

m o s t  of this work has been on metal-metal  impacts .  

the s ta te-of- the-ar t  has  been made recently by Bjork. (3) Metal  

However, 

A review of . 

project i le  impacts  on soil-like targets  have been sadly lacking. 

.One experiment,  on the impact  of. s tee l  into Coconino sandstone, is 

repor ted  by Moore e t  al. (4) 

Theoretically,  the situation with regard  to calculations 

of me ta l  impact on so i l  i s  not appreciably bet ter .  A pre l iminary  

r epor t  on the formation of the Arizona meteor  c r a t e r  i s  given by 

Bjork. (5) His calculations assumed the p rocess  was purely hydro- 

dynamic.  

than a few hundred kilobars.  Below these p r e s s u r e s ,  m a t e r i a l  

s t rength  becomes important in a r r e s t ing  the flow and should be 

included. His calculations were for the impact of an i ron  meteor i te  

into tuff s ince the equations of s ta te  of l imestone and sandstone (the 

actual  ma te r i a l s  of the Arizona me teo r  c r a t e r  region) were  not 

available.  

reported by Vfalsh and Tillotson. 

was not included. 

Such a t rea tment  is satisfactory for p r e s s u r e s  g r e a t e r  

Theoret ical  calculations of. meta l  on me ta l  impact  a r e  

Here again, ma te r i a l  s t rength  (6 1 

Severa l  two-dimensional time-dependent calculational 

codes embodying a plastic-elastic description of ma t t e r  have been 

developed. Of these, TENSOR, (7) although designed specifically for 

calculation of crater ing, .  was never made  operational. 

had not yet included the strength of mater ia l s  in its applications when 

l a s  t r epo r te d . 

(8) PICKWICK 

2 
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HEMP(9) has  been used successfully to investigate problems 

involving the interaction of high explosive energy sources  with meta ls .  

Although not designed specifically for  c ra te r ing ,  i t  seemed to offer 

the most  advanced and m o s t  logical s tar t ing place for the development 

of a two-dimensional time-dependent plastic- e las t ic  calculational' ' 

- 

code for impact  c ra te r ing .  

The conclusions of var ious investigators may  be summed 

up as follows: 

1. 
2. 
3; 

4. 

5, 

6 .  

. . .  -. 

Hypervelocity impact c r a t e  ring is not an explosive phenomena. 

Mater ia l  s t rength cannot be ignored. 

The equation of state of the so i l  media  must  be fair ly  well  

established. 

Detailed computer codes which follow the detailed motions 

of the mater ia l ,  such a s  throwout, fall-back and lip 

formation, and of the ground shock a r e  capable of leading 

to a understanding of c r a t e r  formation. 

Experiments  of meta l  on so i l  impacts  a r e  a necessa ry  link 

to the theoret ical  codes. 

Existing c r a t e r s  should be 

computer code. 

thoroughly analyzed with the 

3 
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2.1 

SECTION 2 

DESCRIPTION O F  HEMP CODE 

General  

HEMP(9) is a code which was devcloped by Mark Wilkins 4 

. .. 
and Richard Giroux a t  the University of California, Lawrence 

Radiation Laboratory,  L ivermore .  It i s  writ ten in machine language 

for  the IBM Stretch.  

of the code. 

PIPE, a brief description of i ts  features  is appropriate  here .  

The re ference  gives a very complete description 

Since i t  represents  a point of depar ture  for our  code, 

Elas t ic  Region . .  2.2 

Basically,  HEMP is a two-dimensional t ime- dependent 

hydrodynamic calculational code to which has been added an equation 

of s ta te  capable of describing elast ic  and elast ic-plast ic  flow. 

During the elast ic  phase,  the mater ia l  is assumed to follow Hooke 's  

Law. The s t r e s s e s  a r e  decomposed into a hydrostatic component P 

(all th ree  s t r e s s  components equal) and an anis t ropic  component s 

( s t r e s s  deviator) which descr ibes  the res i s tance  of the m a t e r i a l  t o  

s h e a r  distortion. These deviators a r e  defined i n  such a way that 

SI t s, + s3 = 0 

where SI, s 2 ,  and s3 a r e  the pr incipal  s t r e s s  deviators.  The 

s t r e s s  deviators  a r e  calculated in t e r m s  of an incrementa l  s t r e s s  

result ing from an  incremental  s t ra in .  

way gives na tura l  s t ra in ,  which means  that the s t r a in  of an element  

is r e f e r r e d  to the cu r ren t  configuration instead of the original configuration. 

Hooke's Law used in this 

4 
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2.3 Yield Condition and Plas t ic  Flow 

Most yield c r i t e r i a  postulate s o m e  relation between the 

pr incipal  s t r e s s e s  a s  a condition for yielding. 

calculates  the pr incipal  s t r e s s e s  a t  every element  for  every  t ime ,  

s tep,  i t  is possible to  incorporate any such c r i t e r ion  into the code 

and tes t  each element  a t  each time step to determine whether o r  

not the elast ic  l imit  has  been reached. In the cu r ren t  vers ion  of 

Since the code 

HEMP, the yield condition of R. Von Mises i s  used to descr ibe  the . 

elast ic  l imit .  When the principal s t r e s s e s  a r e  known, the yield 

condition can be writ ten as: 

where 01 , U2 03 a r e  the pr incipal  s t r e s s e s  and 

yo is the yield strength in s imple tension. 

The left s ide of this expression is proportional to the elast ic  

energy of distortion pe r  unit volume o r  the energy required to change 

shape a s  opposed to the energy that causes  a volume change. 

expression s ta tes ,  therefore ,  that plast ic  flow begins when the e las t ic  

distortion energy reaches  a limiting value and that this energy 

remains  constant during the plastic flow. Thus, by the t e r m  elast ic-  

plast ic"  i s  meant  the s ta te  whereby the distortion (change in shape) 

component of the s t ra ined mater ia l  has been loaded, following Hooke's 

Law, up to a s ta te  where the material- can no longer s t o r e  e las t ic  

energy. 

plastic work will be done. 

The 

11 

All subsequent distortion will produce plast ic  flow and 

Since p r e s s u r e  is common to a l l  s t r e s s e s  of Equation (2),  

the equation can be writ ten as 

(Sl - s 2 ) 2  i ( S a  - s3 )a t (sa - s 1 p  = 2(y")2 (3) 

5 
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Equations (1) and (3) can be combined to give 

s p  - t S z 2  4. s32 4 (y")2 (4) 

The inequality defines the elast ic  region in which the *element 

i n  question i s  s t i l l  behaving elastically.  

condition a t  the onset of plastic flow and the condition which is 

maintained during plast ic  flow. 

s t r e s s e s  of an element resu l t  in the left hand s ide of Equation (4) 

The equality indicates the 

If an incremental  change in the 

exceeding the right hand side,  then each of the principal s t r e s s  

deviators  (SI, s, , and s3 ) a r e  adjusted such  that.Equation (4) 

is again satisfied.  

The 'above formulation cor responds  to a perfectly plast ic  

mater ia l ,  i. e . ,  m a t e r i a l  that flows plastically under a constant s t r e s s  

without work-hardening. 

will  i nc rease  monotonically with s t r a in  for s t r a ins  beyond the yield 

point instead of remaining constant as for a perfectly plastic mater ia l .  

Work-hardening can be introduced into the calculation by making the 

constant yo in Equation (2) a function of the s t r a i n  energy, for example. 

Also, when enough work has been done to m e l t  the mater ia l ,  the value 

of yo can be s e t  to zero.  In this way an all-hydrodynamic description 

will follow since the s t r e s s  deviators will automatically be s e t  to z e r o  

by the above procedure and the only remaining s t r e s s  w i l l  be the 

p r e s s u r e  P. Time- dependent yielding can be macroscopical ly  . 

represented  by selecting a high yield'constant yo i f  the s t r a i n  r a t e s  

( < I ,  i 2 ,  i3 ) a r e  above some p resc r ibed  value. 

F o r  a work-hardening m a t e r i a l  the s t r e s s  

2.4 Other Fea tures  

The other features  of the code a r e  briefly summarized.  The 

code employs a Lagrangian coordinate sys tem which moves with the 

ma te r i a l .  

of high explosive. 

A routine exists for the detonation and subsequent burning 

Sliding interfaces a r e  allowed between an e las t ic  

6 
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and a hydrodynamic region, but not bctween two e las t ic  boundaries.  

An e las t ic  region, however, may s l idc along a fixed boundary. An 
a r t i f i c i a l  viscosity (4) is used to provide stabil i ty in  the region of a 

shock. 

a quadra t ic  q, and an anis t ropic  q. 

where  a shock i s  traveling perpendicular to a f r e e  sur face .  

specification of an equation of state for  a m a t e r i a l  used in the code 

r e q u i r e s  the usual  re la t ion of p r e s s u r e  as  a function of re la t ive  volume 

and in te rna l  energy. 

modulus of the m a t e r i a l  (P) .  

T h r e e  a l te rna te  f o r m s  of q a r e  available;  a l i nea r  q, 
The l a t t e r  i s  useful for problems 

The 

In addition one m u s t  specify Yo and the s h e a r  

B- 7 
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3.1 

SECTION 3 

DESCRIPTION O F  PIPE CODE 

Machine Language PIPE Code 

P I P E  is the designation of the P h y s i c s  International 

P las t ic -Elas t ic  Code. 

HEMP, but i s  coded to r u n  on an IBM 7094. 

p roblems that had to be faced was providing sufficient number  of 

zones to per form a cra te r ing  problem. 

This  code uses  the same bas ic  equations as 

One of the f i r s t  

I t  was recognized f rom one- 

dimensional  calculations that i: large number of zones would be requi red  

to  re ta in  the s t ruc tu re  of a shock, par t icu lar ly  in  lower p r e s s u r e  

reg ions  where the shock s t ruc ture  can be quite complex. Since the 

code m u s t  re ta in  21 quantit ies i n  memory  for  each  zone, the problem 

c a n  be readi ly  visualized. By using in te rmedia te  tape s torage ,  it 

was possible  to provide for  120 zones i n  one direct ion and an  unlimited 

number  in  the o ther .  

The in te rmedia te  s torage makes  use  of four tape units fo r  

maximum efficiency. 

being wri t ten on Tape 2. 

while being wri t ten on Tape 4. 

to  be rewound while computation i s  going on. Thus,  Tapes  I and 2 

a r e  in  position for the next time s t ep  when Tapes  3 and 4 have been 

r ead  and wri t ten completely.  

Half the zones a r e  r ead  f rom Tape 1 while 

The second half a r e  r ead  f rom Tape 3 

This l a t t e r  s t ep  allows Tapes  1 and 2 

Another problem which was known a t  the outset  was the 

l imitat ion of a Lagrangian code f o r  problems in which a l a rge  dis tor t ion 

of the zones takes place.  

Section 5 .  It  was hoped, however, that by the use of a rezone routine 

reasonable  orthogonality could be maintained. Consequently, a routine 

was des i r ed  which could r e m a p  a dis tor ted g r id  into a new, m o r e  

orthogonal, gr id .  

Examples of such dis tor t ions a r e  shown in 

8 a 
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The f i r s t  s t ep  needed was a plot routine to m a p  the gr id  a t  

any des i red  time. 

using the Cal Comp plotter of the IBM Service Bureau Corporation, it 

was convenient to use the 1401 FORTRAN plotting routines which had 

bcen designed for  this plot ter .  This required routines to wr i te  an 

output tape which could be read by the FORTRAN plotting routines.  

The present  routine only plots the two- dimensional configuration. 

Sample plots a r e  shown in Section 5 .  

show any degree of detail  for any desired region of the gr id .  

Since Physics International personnel  planned on 

The plot can be magnified to 

The next logical s t e p  in a rezone procedure would be an 

automatic remapping routine. To provide automatic rezoning r equ i r e s  

a routine to t e s t  the gr id  periodically for orthogonality and take ~ 

correc t ive  action. 

rezone i tself  periodically in  such  a way that some degree of 

orthogonality would be maintained. 

providing such a feature in  the existing code. 

combined Eulerian- Lagrangian code would better fulfill this function. 

It is conceivable that a gr id  could be made  to 

We do not s e e  any prac t ica l  way of 

It is possible that a 

The next best  to an automatic routine was determined to be 

one where a knowledgeable human remaps  the problem on the Cal  Comp 

plot by sketching in a new desired gr id .  

boundary points a r e  then read off and s e r v e  a s  input to the rezone 

calculation. 

on the boundaries of the region to be rezoned must  be specified.  

?ositions, velocities, relative volume, energy, p r e s s u r e  and s t r e s s  

deviators a r e  determined for the new zones. 

is  always equal to the number o f  old zones. 

m a s s ,  energy and momentum io at l ea s t  f i r s t  o rde r .  

The coordinates of the new 

Up to 100 points a t  a t ime can be rezoned. All points 

The 

The number of new zones 

The routine conserves  

. 

9 
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SECTION 4 
EQUATION OF STATE OF EARTH MEDIA 

4.1 General  . 

This contract  required that Physics  International incorpora te  

into PIPE a model appropriate  for the description calculations of e a r t h  

media  when subjected to dynamic loading. 

been sponsored by A F W L  (see,  for example, Reference 10) to 

determine reliable equations of s ta te  for ea r th  ma te r i a l s  under 

ex t remely  high p r e s s u r e s  and rapid loading r a t e s .  

been both experimental  and theoretical .  

context is not simply the shock Hugoniot curve,  but includes 

consideration of a non-isotropic s t r e s s  tensor .  

An intensive effort  has  

This effort  has 
Equation of s t a t e”  in this  II 

4.2 Experimental  Data 

Nleasurements of the s ta t ic  and dynamic behavior of playa 

Some Hugoniot (11) in  one-dimensional compression have been made.  

data for playa a l so  ex is t s .  

Reference (11) were  limited to Sl .4  kilobar and the t ime of application 

of this  s t r e s s  to 2 3  milliseconds.  

region from 40 to  270 kilobars and mois ture  contents f rom 0 to 10%. 
Therefore ,  no data ex is t  in the  p r e s s u r e  region f rom 1.4 to 40 ki lobars ,  

and no data with rea l i s t ic  dynamic loading t imes  exis t  below 40 

ki lobars .  

The s t r e s s e s  attained in (12, 13) 

The Hugoniot data covers  a p r e s s u r e  

More complete data exis t  for some  other  ea r th  

S .  K .  I . ,  for example, has  measu red  
(14, 15, 16, 17, 18) 

media.  

Hugoniot data in the p r e s s u r e  range 5 to 250 ki lobars  for  quartzi te ,  

10 
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sandstone, calcitc,  marb le ,  l imestone, plagiodase and basal t .  

Work on other media continues. 

t r ansduce r s  capable of recording p r e s s u r e  a s  a function of t ime in 

dynamically loaded samples  

to the acquisition of equation of s ta te  data.  

the elast ic  and plastic loading and unloading cha rac t e r i s t i c s  of a 

sample  can be investigated. 

sufficient insight to develop rather  sophisticated equation of s ta te  models  

to  descr ibe  the behavior of ear th  media .  

The recent  development of p r e s s u r e  

(19) p romises  to provide a new dimension 

W i t h  such t ransducers ,  

F r o m  this information will come 

I 

4.3 Physical  Description of An Ear th  Medium 

A typical ear th  medium i s  a mixture  of mine ra l  par t ic les ,  

water ,  and a i r .  

cemented together to form a porous  skeleton, the pores  of which a r e  

filled with water  and a i r .  

of the skeleton will r e s i s t  deformation in an e las t ic  manner .  

increasing load, however, the skeleton will gradually break up. The 

m i n e r a l  par t ic les  will be compacted i r r eve r s ib ly ,  the porosity will  

dec rease  and a l a r g e r  fraction of the load will be borne by the water  

and a i r .  As the  load increases  fa r ther ,  the m i n e r a l  par t ic les  

The mine ra l  par t ic les  can be considered to be 

F o r  sufficiently s m a l l  loadings, the rigidity 

Under 

themselves  will a l so  begin to be fractured a s  they are forced into 

m o r e  and m o r e  intimate contact with their  neighbors.  It i s  

apparent  that the above compaction is i r r eve r s ib l e ,  and that a 

reduction of load a t  this point: will  bring about a very  s m a l l  i nc rease  

in volume compared to the large dec rease  in volume during loading. 

The complete breakdown of the skeleton, in fact ,  des t roys  any 

knowledge the s y s  tern might :lave had concerning i t s  init ial  condition. 

-4s the load becomes even l a rge r ,  the compacted mixture  can 

eventually be t reated a s  a f lu id  whose density is a unique function of 

the mean  p r e s s u r e  for an adiabatic compress ion  o r  expansion. 

. 
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When e a r t h  media  a r e  subjected to shock o r  wave motion, 

I- 

i t  i s  n e c e s s a r y  to account f o r  significant energy  absorption, even at 
s m a l l  s t r e s s e s .  

ranges  where spher ica l  symmetry  should apply have general ly  

Field measu remen t s  on contair,ed explosions a t  

indicated that peak s t r e s s  and par t ic le  velocity a r e  proport ional  to 

R-" where  a i s  always larger than one and i s  usually l a r g e r  than two. 

Such a dependence h a s  been observed a t  ranges  l a rge  enough that the 

pa r t i c l e  velocity i s  much l e s s  than the shock velocity, s o  that the 

acoust ic  l imit  i s  approached.  

acous t ic  l imit ,  the amplitude of a sphe r i ca l  pu lse  is proport ional  to 

R-' . 
below which dissipation is unimportant.  

attenuation] a model  of the ma te r i a l  m u s t  be used which allows 

i r r e v e r s i b l e  p r o c e s s e s  a t  low s t r e s s e s .  

But in a non-dissipative medium in the 

Therefore ,  the measu remen t s  do not indicate any s t r e s s  leve l  

To  p red ic t  the observed  

The  effect of s evc ra l  types of i r r eve r s ib i l i t y  may be 

d iscussed  qualitatively.  

entropy upon shock loading, xh ich  i s  important  for  s t rong shocks.  

At s m a l l  s t r e s s e s  the Hugoniot i s  equal to the adiabat  to third o r d e r ,  

so that  i r r eve r s ib i l i t y  of this type becomes  l e s s  important .  

The f i r s t  a r i s e s  f rom the i n c r e a s e  in  

A second type i s  plastic yielding, an i r r e v e r s i b l e  change 

of shape .  If the yield s t r e s s  is independent of p r e s s u r e ,  then beyolid 

a ce r t a in  radius  the wave will be e las t ic  and no m o r e  energy will  be 

los t  to this mechanism.  The case  in  which the yield s t r e s s  is 

proport ional  to p r e s s u r e ]  a s  derived f rom Coulomb fr ic t ion,  

war ran t s  fur ther  study. 

A thi rd type i s  comminution, i r r e v e r s i b l e  change of volume. 

This  p r o c e s s  will take place i n  porous  ma te r i a l s .  

indicated that the rat io  of the energy absorbed  to the  energy  of 

loading of a sample  daes  not approach z e r o  a t  small s t r e s s e s .  

Exper iments  have 

8;. 
1- 
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(The model  used in the work reported h e r e  has  this feature .  ) 

Therefore ,  comminution will contribute to attenuation a t  all s t r e s s  

leve ls ,  and could explain the :ittentiation observed  in  porous media.  

But i t  cannot be the only energy sink operat ive a t  s m a l l  s t r e s s e s ,  

bccause attenuation has been observed i n  non-porous ma te r i a l s  such  

as grani te .  

Other  possible  mechanisms of energy absorpt ion would 

a r i s c  f rom rate-dependent s t r e s s e s ,  such a s  viscosity.  We have not 

cons idered  such  p r o c e s s e s .  

as they do i s  an  a rgument  for  neglecting such  effects a t  this  s tage.  

The fact  that scal ing laws work as wel l  

4.4 Model of An E a r t h  Medium 

The model  p roposed  h e r e  has  much in  common with that  

and exper imenta l  work done in proposed by Gr igor ian  

Although such  a mode l  is ex t remely  suppor t  of that  model.  

difficult  to apply in any analyiical  fashion, i t s  u se  in  a code such  as 

PIPE becomes a very powerfal  tool for the understanding of e a r t h  

shock phenomena. 

( 2 0 ,  21, 22)  

(23, 24) 

A model  for the change of p r e s s u r e ,  as a function o f T - 1  
P 

P O  

(where '1 = - ) 
i n  F igu re  4 . la .  

represented  by the portions of the curve ,  ab, bd, and de, respect ively.  

I t  i s  apparent  f rom the discussion above that the unloading cu rves  

wil l  be quite different f rom this loading curve .  

the unloading paths f rom poin;, c and d,  might  be  represented  by the 

paths,  cg,  and df, respectively.  

might  logically have the p rope r t i e s  of that showfl 

Here  the thrce load r eg imes  d iscussed  above a r e  

As an approximation, 

When the energy necessary  to pe r fo rm a s h e a r  deformation 

of the m a t e r i a l  cannot be neglected, one m u s t  cons ide r  the deforming 

s t r e s s  tensor  ra ther  than a p r e s s u r e .  As mentioned in  Section 2, 

13 
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it  is convenicnt to consider  the s t r e s s e s  as  being composed of a 

mean p r e s s u r e  rcsponsible f o r  the volume deformation and the 

dcviator ic  s t r e s s e s  responsible for  the s h e a r  deformation. To 
the model  shown in F igure  4.la, therefore ,  m u s t  be added the 

appropr ia te  description of the s t r e s s  deviators '  during e las t ic  and 

p las t ic  deformaticjn of the body .  

In HZMP, this  re!dtionsiiip is provided by Hooke ' s  Law 

in  the e las t ic  region and the Iron h t i ses  yield c r i t e r i a  in  the p las t ic  

re.,ion. 

a?piicd to the plast ic  yielding of ductile meta ls .  Although Hooke' s 

Law is a sound bas i s  for  any elast ic  behavior, the Von Mises  c r i t e r i a  

The Von Miscs  yield c r i t e r i a  hzs been m o s t  sucessfully 

is not  necessar i ly  the b e s t  that can be applied to a n  ea r th  media .  

fact, 1: i s  usually accepted ti:at s o m e  form of the Coulomb yield 

cor.d;tion I s  m o r e  appropriate.  (25)  Both fo rms  have been incorporated 

into acr mode!. 

In 

4.4.1 Von Mises 'Model  

In the Von Mises  model, the Von Mises  c r i t e r i a  is 

superimposed on the pressure-volume model  descr ibed above. 

s l o i e ,  ab,  is the ini t ia l  bulk modulus K of the medium. The curve,  

The  

bcde, is a best  f i t  such  that tile superposit ion of the p r e s s u r e  curve  

with the ax ia l  s t r e s s  deviator produces a to ta l  s t r e s s  curve  which 

matches  the s t r e s s e s  measured in  one-dimensional experiments .  

The ax ia l  s t r e s s  deviator ( SI ) for .  one-dimensional loading is shown 

in F i g c r e  4 . lb .  A typical unloading path is  jk. 
total  ax ia l  s t r e s s  ( G 1 ) formed by a superposit ion of P and si. 

Figure  4 . l c  shows the 

The 

slo?e,  

mcdiurn. 

t e s t  spec imen.  

yield screes S>.oulC preferably come f rom a dynamic measu remen t .  

l m ,  is chcjsen to givz the observed sound speed in  the 
In lVil!cins' model, ( 9 )  . Yo is the yield s t r e s s  of a tensi le  

In our  c a s e  th is  deiilnition has no significance. The 

The curve,  02, is the normal  I-Iugaxiot (the s t r e s s  deviators a re  s e t  

cqua: :a zero on the Hugonio:). 

showri as  nc;. 

typical unloading path for U1 is  

. .  D 14 a 
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Thc i r r e v e r s i b l e  work done in the loading-unloading cycle,  

lmnq, is  that donc: in plast ic  shear  deformation, hijk, plus that  done 

in  per inanent  volumctr ic  compaction, abcg. 

problcm, the direct ions and iliagriitudes of the pr inc ipa l  s t r e s s  

devi2toi-s a r e  not so  0l;vious and m u s t  be obtained f rom the detailed 

In the usual  two-dimensional 

.. calculation. 

The me a s  u r  ed Hugoniot of sands tone (17) is shown in  

F igu re  4.2.  
s:.-- ..-.iIar to that observzd f o r  this soft porous rock. 

It can be seen  th;'t our  model has  a form which is very  

4.4.2 Coulomb vrodel 

In the Coulomb Model, i t  has been convenient to choose a 

relat ionship between p r e s s u r e  P and relat ive volume V such  
that 

P = -E( I n  V (5) 

( 2 6 )  Mohr postulated that, in a granular  ma te r i a l ,  the s h e a r  

s t r e s s  in any plane section can never  become l a r g e r  than the  fr ic t ion 

force caused by the n o r m a l  p r e s s u r e  in this sect ion when s l i p  s t a r t s .  

In te rpre ted  in t e r m s  of Coulomb's Law of friction] which s t a t e s  that  

the friction force  i s  proportional to the n o r m a l  force,  the l imiting 

condition for s l ip  becomes 

- 1  o1 - o3 = (q i G ~ )  s in  tan p 

wherz G~ 2 n d  o3 a r e  the major  and minor  compress ive ,  p r inc ipa l  

s t r e s s c s ,  ;I is the coefficient of  sliding friction between the g ra in .  

Q - c; i s  the maximum s h e a r  s t r e s s  and Since 

proportion;! ta the mean s t r e s s  o r  p r e s s u r e ,  the quali tative 

s ta tement  G E  :he c r i t e r i a  i s  that the s h e a r  s t r e s s  a t  fa i lure  i s  

' 
2 

i s  roughly 
I 

;sro?or;ion:tl to the p r e s s u r e .  

15 



The Coulomb con2ition can  be applied m o r e  general ly  by 

.making the oc tahedra l  sheari.!g s:ress a function of the mean s t r e s s  

(i .  e .  p r e s s u r e ) .  

yield condition 

In our  modt.1 we have chosen to  make thegene ra l  

I- 
I- 

a and b a 

wherc 

y = y o +  

e constant dete iniIicd f rom expe imenta l  data.  

. 

In t e r m s  of the oiLe-dimensional model  demonstrated in 

Figure 4.3, thc yield condition i s  descr ibed  by the equality in the 

relat ion 

c 
c 
c 
c 
c 
c 
c 
c ’  
8- 

‘Sl 5 : Y 
As t h e  2r;ssure i nc reases ,  i i  takes a correspondingly higher s t r e s s  

to cause  plast ic  flow (i. e .  s 1i;)page). 

. 
The total s t r e s s  is  again a superposi t ion of P and - s l .  A 

typical re laxat ion path is shown a s  ny. 

The modl-1 i t se l f  is ex t remely  flexible and can be made to 
-. :it a wide  range of e a r t h  media.  Unfortunately, the experimental  

data available is Rot yet good enough to make  the b e s t  usk of the 

capabili t ies of the model.  

16 
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The calculation has  been c a r r i e d  through only the very ear ly  

s tages  of the impac t .  One might expect a final penetration of 6 cm, 

so that  the final c r a t e r  volume would be about 200 t imes l a rge r  than 

that reached he r e .  

. 

R- 
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SECTION 6 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

The basic  objective of the p rogram was to,develop a code 

capable of calculating the response of a -so i l - l ike  media  to  the 

hypervelocity impact  of a metitl project i le .  

I- 
1- 
1- 
c 
c 
c 

t 
I- - 

t 
t 
B- 
t 23 

With this objective in mind, an existing Lagrangian e las t ic -  

p las t ic  hydrodynamic code (HEMP) was developed into a code capable  

of handling c ra te r ing  problems (PIPE) .  

the development of a ma te r i a l  behavior model  suitable for the 

descr ipt ion of  ea r th  media .  

made  using a one-dimensional plast ic-elast ic  code to  de te rmine  the 

response  of ea r th  media  to  severa l  pas t  underground detonations. 

Although the data available from these exper iments  a r e  meage r ,  

the compar isons  w e r e  constructive in allowing u s  to improve ou r  

model.  

than i s  the dynamic experimental  data available to  specify the 

p a r a m e t e r s  of the model. 

Substantial  effort  went into 

Spherically s y m m e t r i c  calculations w e r e  

The resul tant  model i s  considerably m o r e  sophisticated 

The code developed was applied to the calculation of the 

response  of a n  aluminum half plane to the impact  of a 6.15 g r a m  

cyl indrical  i ron project i le  moving with an ini t ia l  velocity of 

3 c m h s e c .  

was that a *Lagrangian code has  distinct l imi t s  i n  dealing with the 

highly a symmet r i c  flow of mater ia l  that  occu r s  in  the ea r ly  s tage  of 
c ra t e r ing ,  In addition, such a.code i s  not capable of calculating the 

distribution of the ejected ma te r i a l  o r  of giving a detai led descr ip t ion  

of the lip formation. 

The important  conclusion reached f rom this t e s t  p roblem 



I 6.2 Recommendations 

I 
1 - -  

I 
I 
I 
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Although the bas ic  objective of the p rogram has not yet  

been obtained, the p r o g r e s s  made i s  encouraging enough to war ran t  

a continuation of  the program.  Therefore ,  the recommendations 

which follow apply to a follow-on p rogram and suggest  the direct ion 

it should take.  

6.2.1 The Computational Scheme I 

The mos t  s e v e r e  res t r ic t ion  on the use of PIPE is the 

zane dis tor t ion.  

problem. 

a t  the appropriate  t ime,  t r ans i e r  to  a Lagrangian code. 

me thod  is to have a combined Zulerian and Lagrangian code, the 

motion of whose g r id  can be p,-ogrammed to move a t  velocit ies between 

the l imi t s  of a stationary g r id  ( p u r e  Euler ian)  and a g r id  moving with 

the m a t e r i a l  (pure Lagrangian) .  

Severa l  approaches may  be used to solve this  

One is to use  an  Eulerian codc for  the init ial  motion and, 

A second 

A third i s  to have a Lagrange code 

which periodically t e s t s  the zGning for orthogonality and automatically 

rezones i tself  when necessa ry .  A foilrth is to develop a n  Euler ian  

codc having an  elast ic-plast ic  description adequate to compute the 

cn t i r c  c ra t e r ing  phenomenon. Final ly ,  one might use  an Euler ian  

code for the f i r s t  phase but t r m s f c r  to an Euler ian-Lagrangian code'  

for the second phase where the L,agrangian code is  used in  regions in 

wl:ich no mixing takes place,  which a r e  not i n  violent motion, but in 

which ma te r i a l  s t rength plays an impor tan t  role .  

The f i r s t  af these approaches has the disadvantage that 
. e jec ta  and lip formation cannot be followed in  the second phase.  

The second method may ultimidely prove to be a fine technique but 

such a code requires  considerable development and a fai r ly  complete 

understanding o f  the type of problem i t  i s  to be applied to, s ince g r id  

vclocit ics must  be programmed in.  The th i rd  method suf fers  f rom the 

24 
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lack of a way to handle e jecta ,  lip formation and the mixing of a i r ,  ea r th  

and meteor i t ic  m a t e r i a l s .  The fourth had the disadvantages of the 

difficulty encountered in putting in the m a t e r i a l  s t rength  and of a 

.considerable  loss  of the detai ls  of the ground shock effects.  

l a t t e r  difficulty r e su l t s  f rom the diffusive p rope r t i e s  of Euler ian  

s c h e m e s .  

This  

W e  believe that  the las t  suggested approach has  no s e v e r e  

disadvantages for su r face  detonations. F o r  such  problems,  Figure’6.1 

desc r ibes  the two phases  of  calculation. Initially, all regions a r e  

pure ly  Euler ian.  

a r i s e .  

Violent motions occur  in this phase  but no p rob lems  

After p r e s s u r e s  in the ground have dec reased  to a l e v e l ’  

where  m a t e r i a l  s t rength  becomes impor tan t ,  the lower region outside 

the sur face  A B C D E  i s  allowed to become a Lagrange region. 

allows the ground shock to  be followed accura te ly .  

This  

The region above 

the Euler ian  s l ip  sur face ,  ABCDE,  continues to handle e jecta ,  

l ip  format ion  fall-back and mixing in  an  appropr ia te  manner .  

A s  the Lagrangian zones expand somewhat  radial ly  f rom 

the sou rce  point, additional zones will  be in se r t ed  automatical ly  to 

cont ro l  the s i z e  of the innermost  Lagrangian zone. 

bc deleted automatically as they become unnecessary .  I t  should be 

noted that no rezoning i s  necessary  when going f r o m  the f i r s t  to the 

second phase.  

g r id  in  the appropr ia te  region. The boundary ABCDE m u s t  of 

course  be t rea ted  specially.  

both phases .  

. 
Also, zones will 

T h e  Euler ian  gr id  i s  j u s t  switched to  a Lagrangian 

The zoning is  in  polar  coordinates  in 

25 
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Since this l a t t e r  scheme offers  a d i r ec t  approach to  an 

immedia te  calculational capability b y  the use of PIC and PIPE, and, 

s ince  in addition, i t  is ideally suited to  descr ibing all the fea tures  of 

impact  c ra te r ing ,  we propose i ts  use  for  such  problems.  

6.2.2 Physical  Phenomena to be Included 

It is important  t o  include spal l ,  the mixing of ground, a i r  

and project i le  mater ia l ,  and  gravity.  An Euler ian  descr ipt ion for  the 

e a r l y  phases  of the calculation will faci l i ta te  the second. 

of gravi ty  may make i t  possible to de te rmine  the final location of the 

ejected m a t e r i a l  and hence, to define the apparent  shape of the. c r a t e r .  

However, because  of the long t imes involved, a sepa ra t e  routine might 

be necessa ry .  To allow for  surface spa l l  i t  i s  n e c e s s a r y  to invoke the 

condition that no tensi le  s t r e s s e s  g r e a t e r  than the f r ac tu re  stress 

can  ex is t .  

The addition 

6 . 2 . 3  Exp e r  i m e n t s 

It  is recommended t5at s e v e r a l  impac t s  of i r o n  pro jec t i les  

on soi l - l ike media  be made for  fu ture  compar ison  and normalizat ion.  

The velocit ies should cover  the range  f rom 11 k m / s e c  to 72  k m / s e c  a t  

s e v e r a l  angles of incidence.  

i nc reased  to de te rmine  equations of s t a t e  data for  the e a r t h  impact  

c r a t e r  ma te r i a l s .  

It is a l so  recommended that efforts be 

6.2.4 Comparisons 

It i s  recommended that when a production code i s  completed 

which i s  capable of descr ibing the me teo r i t e  c r a t e r ing  p rocess ,  detailed 

compar isons  be made of a n  explosive c ra t e r ing  calculation for a 

given explosive energy density and a n  impact  c r a t e r i n g  calculztion fo r  

the s a m e  e n e r g y  density.  In addition, calculations should be made  on 

tne e a r t h  c r a t e r s  for which the in te rna l  s t ruc tu re  is well  known. 
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